Introduction

▼
For elderly individuals, falls often result in injuries such as fractures [3] . Given that severe fractures, including femoral neck fractures, can result in extended periods of immobilization and reduced quality of life, it is essential for elderly individuals to take precautions against falls. The risk of falls is associated with decreased muscular strength [3] . In particular, a rapid increase in muscle force is critical for increasing joint stiffness in response to a sudden perturbation [10, 14, 22] , and thus is required during balance recovery following posture disturbance [25] . Explosive muscle strength has been reported to be lower in elderly individuals than in young individuals [17, 25, 26] and lower in elderly patients who have experienced falls compared to those who have not [5, 21, 23] . Therefore, for elderly individuals, improvement in explosive muscle strength by training should reduce the risk of falls. If so, the use of strength training to prevent falls may also improve postural stability.
The rate of torque and/or force development (RTD and RFD) are indices showing explosive muscle strength. Previous studies have demonstrated that strength training involving a series of contractions performed as fast and as hard as possible for less than 1 s (explosive-type strength training) within a relatively short period of time (4-6 weeks) improves RTD/RFD in young men [20, 27, 29] . Meanwhile, in elderly individuals, only the effect of long-term strength training, i. e., over 12 weeks, on the improvement of RTD/ RFD has been investigated thus far [6, 13, 18, 24] . Many elderly individuals face a constant risk of falling, and therefore it is important for such people to increase their RTD/RFD with a short-term training program. In addition, the plantar flexors (PF) contribute substantially to postural stability [11, 30] . However, to the best of our knowledge, the influence of explosive-type strength training for the PF of elderly individuals has not been studied. Therefore, this study examined the effect of a relatively short-term explosive-type strength training program for the PF on RTD and postural stability.
• ▶ one-leg standing ability
Abstract
▼
This study aimed to investigate the effect of a 4-week explosive-type strength training program for the plantar flexors on the rate of torque development and postural stability. The participants were 56 elderly men and women divided into training (17 men and 15 women) and control (14 men and 10 women) groups. The participants in the training group underwent explosive-type strength training of the plantar flexors 2 days per week for 4 weeks. Training consisted of 3 sets of 10 repetitions of explosive plantar flexion lasting less than 1 s. The following parameters were determined: muscle volume of the plantar flexors estimated by the muscle thickness and lower leg length, maximal voluntary contraction torque and rate of torque development of plantar flexion, and one-leg standing ability. The training increased the maximal voluntary contraction torque and rate of torque development, but corresponding increases in muscle volume and one-leg standing ability were not found. These results suggest that, for elderly individuals, the 4-week explosive-type strength training of the plantar flexors is effective for increasing the maximal voluntary contraction torque and rate of torque development of plantar flexion but is not effective for improving postural stability.
Participants
After providing written informed consent, a total of 56 elderly individuals (31 men and 25 women) voluntarily participated in this study. The participants were randomly assigned to either a training (17 men and 15 women) or control (14 men and 10 women) group. Their demographic characteristics, such as age, body height, and body mass, are summarized in • ▶ Table 1 . There were no significant differences in these variables. Of the participants, 28 men and 20 women were physically active on a regular basis and the remainder were sedentary. All of the participants were functionally independent in daily living and were not engaged in systematic resistance training for the lower leg for at least 6 months before the experiment. All experimental procedures were conducted in accordance with the appropriate ethical guidelines [12] , and the study protocol was approved by the Ethics Committee of the Shibaura Institute of Technology.
Experimental protocol
At the pre-test, the assessments were performed in the following order: 1) body height and weight measurements, 2) muscle size measurement, 3) one-leg standing test with eyes open, and 4) muscle strength measurements. Before the pre-test, participants performed one-leg standing with each leg. Then they reported which leg was easier to stand on maintaining their posture. All measurements were performed only on this leg. Similarly, during the one-leg standing test and the muscle strength measurements, muscle electromyography was also recorded only on the same supporting leg. After the pre-test, each participant in the training group was instructed to perform the explosive-type strength training of the PF in our laboratory 2 days per week for 4 weeks (2-4 days between the training sessions) using a self-regulated dynamometer and to avoid training for 2 successive days. The participants were seated on the dynamometer, and their examined leg was secured to it with non-elastic belts. The participants maintained 0 ° ankle and knee joint angles (ankle: neutral position, knee: full extension) and a 90 ° hip joint angle (0 ° = full extension). Each participant was instructed to plantarflex the ankle as fast and as hard as possible for less than 1 s every 5 s, 10 times. One session of the explosive-type strength training consisted of 3 sets, for a total of 30 repetitions, with a 1-min interval between sets. These program variables were based on previous studies [10, 29] . For the training group, the post-test was performed 2-5 days after the last day of the training series to eliminate the influence of the training. In the control group, the post-test was started 4 weeks after finishing the pre-test. The same parameters for the pre-test were measured in a similar manner during the posttest.
Muscle size measurement
Muscle volume (MV), estimated by the muscle thickness (MT) and limb length [19] , was considered an index of muscle size in this study. The MT was measured using a B-mode ultrasound apparatus (ACUSON S2000, Siemens Medical Solutions, USA). The MT was determined at the proximal 30 % of the lower leg, from the popliteal crease to the lateral malleolus. During the measurements of limb length and MT, participants stood with their arms relaxed at their sides. First, the lower leg length was measured to the nearest 0.5 cm with a steel tape. Next, at the measurement site, an electronic linear array probe (9L4 Transducer, 4-9 MHz, Siemens Medical Solutions, USA) was transversely placed perpendicular to the skin surface without depression of the tissues. Water-soluble transmission gel was applied to the contact surface. After obtaining the transverse ultrasound images, the MT, defined as the distance from the subcutaneous adipose tissue-muscle interface to the muscle-bone interface, was measured to the nearest 0.01 cm using the built-in function of the ultrasound apparatus. The MT measurement was performed twice and the mean values of the 2 measurements were used for further analyses. The coefficient of variation for these measurements was 0.6 ± 0.6 %, with an intraclass correlation coefficient type 1,2 of 0.994 (P < 0.001). The MV was estimated using the following equations [19] : MV = 219.9 × MT + 31.3 × lower leg length -1758.0 where MV is in cm 3 , and MT and limb length are in cm.
Postural stability measurement
Participants were instructed to maintain one-leg standing with their eyes open on a board that serves as a measuring instrument to determine the center of pressure (COP) trajectory (T.K.K.5810, Takei Scientific Instruments Co. Ltd, Japan) as long as possible, up to 120 s, to investigate postural stability. They were instructed to maintain an upright standing posture with their arms at the sides of their bodies as still as possible, to lift their foot with the knee flexed at approximately 90 °, and to look straight ahead at a visual reference approximately 2 m away. When their raised foot was placed on the board or the floor, or when their supporting leg was lifted off the board, the trial was finished and the standing time was measured. 2 trials were conducted and sufficient rest time was allowed between trials. When the standing time exceeded 120 s in the first trial, the second trial was not performed. All signals from the board were stored on a personal computer with a sample frequency of 100 Hz. The data from the trial with the longer standing time were used to determine the total length of the COP trajectory (L COP ) and the area of the rectangle circumscribing the COP tra- . 1 ) in the time period 5-25 s from the onset of the trial. When the standing time did not exceed 30 s at either the pre-test or the post-test, the corresponding data were removed from the analyses.
Muscle strength measurements
The isometric plantar flexion torque was determined using the self-regulated dynamometer as an index of muscle strength. The Values are presented as the mean ± standard deviation participants were seated on the dynamometer, and their examined leg was secured to it with non-elastic belts. The participants maintained 0 ° ankle and knee joint angles and a 90 ° hip joint angle as described above. Prior to the torque measurements, each participant performed a warm-up that consisted of 2 submaximal isometric voluntary contractions at 50 % of their perceived maximal effort for 3-4 s several times. Then, each participant performed a maximal voluntary contraction (MVC) of 3 s duration 3 times. Next, each participant performed explosive isometric contractions of 1-s duration 3 times. These measurements were performed with a 1-min interval. Finally, the isometric dorsiflexion torque during MVC was measured one time to standardize the muscle activity of the antagonist muscle (the tibialis anterior [TA]) during the RTD measurement. The torque data were detected by a torque transducer (TD200, Kubota Corporation, Japan) equipped with the self-regulated dynamometer and were recorded through an A/D converter (PowerLab 16/35, ADInstruments, Australia) into a personal computer at a 1 kHz sampling frequency and processed with a low-pass filter (cut-off frequency: 5 Hz) using LabChart software (version 8, ADInstruments, Australia). During the torque measurements, online visual feedback of the torque data was provided to the participants on a computer display. The peak torque (PT) was determined using the MVC data. In the RTD measurement, the maximum slope of the torque-time curve between 0 and 200 ms from the onset of muscle contraction was calculated by numerical differentiation using LabChart software. The onset of muscle contraction was defined as the time point at which the torque curve exceeded the baseline moment by 1 Nm. Of the 3 measurements of PT and RTD, the highest values of each were used.
Muscle electromyography measurement
Surface electromyogram signals were obtained with bipolar Ag/ AgCl surface electrodes (F-150 M, 25 × 45 mm, 10 mm interelectrode distance, Nihon Kohden Corporation, Japan) over the belly of the medial and lateral gastrocnemius (MG and LG) and TA muscles and over the medial aspect of the soleus (SOL) muscle after reducing skin impedance with light abrasion and cleaning with alcohol. A reference electrode was placed over the lateral malleolus. All electromyogram signals were amplified ( × 1 000), band-pass filtered between 5 Hz and 30 kHz via a bioamplifier system (MEG-6108, Nihon Kohden), and recorded through an A/D converter (PowerLab 16/35, ADInstruments, Australia) into a personal computer at a 1 kHz sampling frequency using LabChart software (version 8, ADInstruments, Australia). After this, the recorded data were processed with a high-pass filter (cut-off frequency: 5 Hz). When the electromyographic data collected during the one-leg standing test were analyzed, the root mean square values (RMSs) for each muscle in the time period 5-25 s from the onset of the trial with the longer time standing were calculated. The RMSs for the MG, LG, and SOL muscles were summed to assess the activity of the PF and were defined as the EMG STA of the PF, and the RMS for the TA was defined as the EMG STA of the TA. The electromyographic data from the trial in which the highest PT and RTD were found were used for the analyses. The RMSs for each muscle during the PT measurement were calculated between the time when the PT was found and the 250 ms immediately prior. The RMSs for the RTD measurement were calculated between 0-200 ms from the onset of muscle activity, which was manually defined in accordance with previous studies [2, 28, 29] . In this regard, the time point at which the electromyographic signal exceeded the baseline by 3 times the standard deviation (SD) indicated the onset of muscle activity. For each muscle, the RMS of the RTD was expressed as a percentage of the RMS of the PT. The sum of the percentage of RMSs for the MG, LG and SOL were defined as the %EMG RTD of the PF, and the percentage of RMS for the TA was defined as the %EMG RTD of the TA.
Statistical analyses
For 3 participants, health issues arose or their PF were slightly injured during the 4 weeks, so their data were excluded from further analyses. Therefore, data from 53 participants (training group: 17 men and 13 women; control group: 13 men and 10 women) were used for further analyses. In addition, when the standing time did not exceed 30 s at either the pre-test or the post-test, the one-leg standing test data were also removed from the analyses. Consequently, the L COP and A COP were analyzed for 39 participants (training group: 13 men and 9 women; control group: 9 men and 8 women). nature of the explosive-type strength training program, these parameters may change with training. Considering the experimental design of this study, the presence or absence of effects of the explosive-type strength training program was determined by the presence or absence of a significant interaction between the test time and experimental group without a significant test time × experimental group × sex interaction. Descriptive data are presented as the mean ± SD. Statistical significance was set at P < 0.05. When the results of the 3-way ANOVA are presented, η p 2 is shown as an index of the effect size with the P value.
Results
▼
An interaction between test time and experimental group was significant for PT and RTD, without a test time × experimental group × sex interaction ( • ▶ Table 2 ). For MV, L COP , and A COP , there
were no significant test time × experimental group × sex or test time × experimental group interactions ( • ▶ Table 2 ).
For %EMG RTD , there was no significant interaction between test time × experimental group and a test time × experimental group × sex interaction was not found for the PF or TA ( • ▶ Table 3 ).
For EMG STA , a significant test time × experimental group interaction was found for the PF but not TA, without a significant test time × experimental group × sex interaction ( • ▶ Table 3 ). Table 2 ). This is consistent with previous reports that found that maximal muscle strength and muscle size influence the RFD/RTD [4] . In this study, a training-induced increase in PT was found, though no change was found in MV ( • ▶ Table 2 ). This suggests that the training-induced increase in PT contributes to the training-induced increase in RTD. Given that muscle strength is determined not only by muscle size [1] but also by the activation levels of agonist muscles [16] , the increase in PT could also be affected by training-induced neural adaptation [7, 8] .
The training-induced change in %EMG RTD was not significant in the PF or the TA muscles ( • ▶ Table 3 ). As described above, it is believed that the amount of muscle activity during the PT measurement increased after the training. Therefore, it is possible that the amount of muscle activity during explosive strength measurements also increases following training. Standardization according to the maximal M-wave during electrical stimulation [9, 15, 29] would be required to verify this observation. A previous study found that the RFD and agonist muscle EMG normalized to the maximal M-wave during explosive contraction increased after 4 weeks of explosive-type strength training [29] . The result indicated that there might be neural adaptations such as increased firing frequency and/or increased motor unit synchrony [29] . Although it is unclear whether similar adaptations occur in the present study or not, the training used here appears to be effective in improving the RTD of the PF for elderly individuals.
In contrast to the improvement in RTD, the training effects on L COP and A COP were not significant ( • ▶ Table 2 ). In other words, the improvement in RTD did not lead directly to an improvement of postural stability for elderly individuals in this study. Meanwhile, the training effect on EMG STA was significant ( • ▶ Table 3 ),
indicating that the agonist muscles did not exert an unnecessary force during one-leg standing due to the explosive-type strength training. Given the results of this and previous studies, it is not unreasonable to expect that an extension of the training period and/or an increase in the number of training days per week could improve postural stability for elderly individuals. Given Values are presented as the mean ± standard deviation. %EMG RTD , the root mean square value of the rate of torque development expressed as percentage of that of the peak torque; EMG STA , the root mean square value in the time period 5-25 s from the onset of the trial with the longer time standing; PF, plantar flexors (gastrocnemius medialis + gastrocnemius lateralis + soleus); TA, tibialis anterior that postural stability is positively influenced by muscle size [30] , however, introduction of training to increase not only the RTD but also muscle size may be required to more effectively enhance postural stability. In summary, the explosive-type strength training for the PF 2 times per week for 4 weeks increased the RTD of the PF. This appeared to be influenced by the corresponding increase in the PT of the PF. However, the training did not affect the indices of postural stability. Considering the training-induced decrease in the muscle activity of the PF, however, an extension of the training period and/or an increase in the number of training days per week could be expected to improve postural stability for elderly individuals.
